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(57) ABSTRACT

Methods, systems, and devices are disclosed for implement-
ing high power circuits and semiconductor devices. In one
aspect, a method for fabricating a silicon carbide (SiC) device
includes forming a thin layer of a protection material over a
SiC substrate, in which the protection material has a lattice
constant that substantially matches a lattice constant of SiC
and the thin layer has a thickness of less than a critical layer
thickness for the protection material over SiC to form a uni-
form interface between the protection material and SiC, form-
ing a layer of an insulator material over the thin layer of the
protection material, and forming one or more transistor struc-
tures over the insulator material.

9 Claims, 3 Drawing Sheets
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1
PROTECTIVE INTERFACE IN SILICON
CARBIDE SEMICONDUCTOR DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

This patent document claims the benefit of U.S. Provi-
sional Patent Application No. 61/729,970, filed on Nov. 26,
2012, entitled “PROTECTIVE INTERFACE IN SILICON
CARBIDE SEMICONDUCTOR DEVICES”. The entire
content of the before-mentioned patent application is incor-
porated by reference as part of the disclosure of this docu-
ment.

TECHNICAL FIELD

This patent document relates to semiconductor technolo-
gies.

BACKGROUND

Silicon carbide (SiC) semiconductor materials can exist in
various crystalline forms and can be used to construct various
SiC based circuits and devices. In comparison with the com-
monly used silicon, SiC materials possess properties such as
a wide bandgap structure and higher breakdown field. These
properties make SiC materials attractive for a wide range of
circuits and applications including high power electronics.

SUMMARY

Techniques, systems, and devices are disclosed for imple-
menting high power circuits and semiconductor devices
based on SiC materials.

In one aspect, a method for fabricating a silicon carbide
(SiC) device includes forming a thin layer of a protection
material over a SiC substrate, in which the protection material
has a lattice constant that substantially matches a lattice con-
stant of SiC and the thin layer has a thickness of less than a
critical layer thickness for the protection material over SiC to
form a uniform interface between the protection material and
SiC, forming a layer of an insulator material over the thin
layer of the protection material, and forming one or more
transistor structures using the insulator material.

In another aspect of the disclosed technology, a silicon
carbide device includes a SiC substrate, a thin layer of a
protection material formed over the SiC substrate, in which
the protection material has a lattice constant that substantially
matches a lattice constant of SiC and the thin layer has a
thickness of less than a critical layer thickness for the protec-
tion material over SiC to form a uniform interface between
the protection material and SiC, a layer of an insulator mate-
rial over the thin layer of the protection material, and one or
more transistor structures over the insulator material.

In yet another aspect, a silicon carbide metal insulator
semiconductor field effect transistor (MISFET) device is pro-
vided to include a SiC substrate; a first electrical contact
formed on a first surface of the SiC substrate as one terminal
of the MISFET device; a SiC epitaxial layer formed on a
second surface of the SiC substrate opposing the first surface;
a thin layer of a protection material formed over the SiC
epitaxial layer, wherein the protection material has a lattice
constant that substantially matches a lattice constant of SiC
and the thin layer has a thickness of less than a critical layer
thickness for the protection material over SiC to form a uni-
form interface between the protection material and SiC; a
layer of an insulator material over the thin layer of the pro-
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2

tection material; a gate contact formed over the layer of the
insulator material as a second terminal ofthe MISFET device;
a doped region formed in the SiC epitaxial layer offset from
and near a region in the SiC epitaxial layer under the gate
contact; and a second electrical contact formed over the
doped region as a third terminal of the MISFET device.

Those and other aspects and their variations are described
in greater detail in the drawings, the description and the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic of a device including a silicon
dioxide layer grown on a silicon carbide substrate.

FIG. 2 shows a schematic of a device including a layer of
aluminum nitride configured between a silicon carbide sub-
strate and an outer insulator layer.

FIG. 3 shows a schematic of an exemplary silicon carbide
metal insulator semiconductor field effect transistor device.

DETAILED DESCRIPTION

Techniques, systems, and devices are disclosed for imple-
menting high power circuits and semiconductor devices
based on SiC materials with a protection interface layer
formed on SiC.

Silicon carbide can be used as a semiconductor material for
fabricating power electronic devices, e.g., such as field effect
transistors used in power control applications, including high
power circuits. Fabrication of such field effect transistors can
include creating an insulator on a silicon carbide (SiC) sub-
strate. For example, in the case of a silicon dioxide (SiO,)
insulator material on the SiC substrate, a disturbed interface
exists between the SiO, and the SiC due to the changed
surface stoichiometry, which can result in a surface roughness
that have negative effects on the performance of the device.
For example, a layer of SiO, insulator material can be grown
on the SiC material at high temperature (e.g., within a range
900° C. to 1200° C.) in an oxidizing environment, e.g.,
including, but not limited to, dry oxygen, wet oxygen, steam,
nitrous oxide, nitric oxide, among other oxygenated environ-
ments. For example, such a process of creating an insulator
like SiO, can often lead to a complex interface and a non-
stoichiometric surface of SiC.

FIG. 1 shows a schematic ofa device including a SiO, layer
grown on a SiC substrate, in which the interface between the
Si0, layer and the SiC substrate forms a disturbed layer (e.g.,
having a non-stoichiometry and increased roughness). The
performance of an exemplary field effect transistor is very
sensitive to the quality of the topmost surface of SiC. Hence,
it is important to protect the outermost surface of SiC during
the creation of an insulator layer.

For example, a disturbed/rough interface formed between
the SiC and a top silicon oxide/insulator layer can give rise to
a number of undesired results, including. (1) the rough inter-
face formed between the SiC and the insulator layer that tends
to have spatial variations that randomly change from one
location to another on the interface. This can change electrical
properties (e.g., carrier mobility or electrical resistance) from
one location to another. This random spatial variation is unde-
sirable in that it creates random variations from one device
(e.g., such as a field effect transistor (FET)) to another device
formed on the substrate. (2) the rough interface tends to
increase the resistance and thus decrease carrier mobility in
the device. This can significantly degrade the device perfor-
mance.
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In one aspect, the disclosed technology includes methods
to create a protection layer such as an aluminum nitride (AIN)
layer, on SiC surface in an exemplary SiC device. For
example, the method can include forming a thin layer of the
protection material over a SiC substrate, in which the protec-
tion material has a lattice constant that substantially matches
a lattice constant of SiC and the thin layer has a thickness of
less than a critical layer thickness for the protection material
over SiC to form a uniform interface between the protection
material and SiC, forming a layer of an insulator material over
the thin layer of the protection material, and forming one or
more transistor structures over the insulator material. AIN is
one exemplary material for the protection layer and other
materials with closely matched lattice constants may also be
used.

FIG. 2 shows a schematic of a device including a layer of
AIN configured between a SiC substrate and an outer insula-
tor layer (e.g., such as Si0,), in which the AIN layer protects
the SiC surface from disturbance by the insulator layer.

The disclosed technology includes a protection layer that is
formed of a protection material with a lattice constant that
substantially matches that of the SiC material, e.g., with a
lattice mismatch at or less than 1%. This lattice-matched
protection material is grown on the top SiC surface as a thin
layer which has a thickness less than the critical layer thick-
ness so that the lattice-matched protection material on top of
the SiC has a uniform lattice structure and smooth interface
with the underlying SiC. Such a protective interface can avoid
the aforementioned issues associated with the rough inter-
face. On top of the protection layer, an insulator layer is
formed. This insulator layer can include a silicon oxide layer.

In some implementations, AIN can be grown epitaxially on
SiC (e.g., such as an SiC substrate) to form a thin layer
between the SiC and topmost insulator material. The lattice
mismatch between AIN and SiC is relatively small and is only
about 1%. For example, the AIN can be grown on the SiC
surface by using any of the following methods, e.g., includ-
ing, but not limited to, organometallic chemical vapor depo-
sition (OMCVD), molecular beam epitaxy (MBE), gas
source molecular beam epitaxy (GS-MBE), RF plasma
assisted molecular beam epitaxy (RF-MBE), and physical
vapor deposition (PVD) using various sputtering technolo-
gies and/or ion assisted deposition technologies. For
example, the AIN protection layer can be grown in layer by
layer growth mode (e.g., grown over the SiC substrate by
growing one monolayer at a time) or by 3D nucleation.

As described above, the AIN layer can function to provide
protection of SiC surface during the insulator deposition. The
AN layer should be grown on a clean SiC surface. In some
examples, this can be accomplished by in situ etching of SiC
surface to be followed immediately by the growth of AIN
layer without exposing the surface of SiC to the ambient
environment. AIN can be configured to be a thin layer, e.g.,
not to exceed a critical layer thickness, e.g., about 4.6 nm. In
some examples, the AIN layer thickness can be configured to
be as thin as, e.g., 2 nm. In some examples, the AIN layer
thickness can be configured to be in a suitable range, e.g.,
from 0.5 nm to 1 nm. However, a much thicker layer of AIN
can be grown epitaxially. In some implementations, the dis-
closed method can include growing the AIN protection layer
using such a growth technique.

For example, following the deposition of the AIN layer, a
layer of an insulator material can be grown on the AIN layer.
Numerous types of insulators may be grown on the AIN.
Exemplary insulator materials and their combinations
include, but are not limited to, for example, SiO,, Al,O;,
TiO,, Ta, 05, HfO,, Zr0,, Y,0,, La,0;, Pr,0;, SiON, and
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AION. In some implementations, the high quality insulators
can be grown at relatively low temperature, e.g., by atomic
layer deposition (ALD) or remote plasma enhanced chemical
vapor deposition (RPECVD). The forming of the insulator
can include utilizing options during the forming whereby the
previously grown interface of AIN and SiC is not disturbed. In
some examples, a stack of multilayer dielectric can be formed
to improve the performance of the transistor device.

FIG. 3 shows a schematic of an exemplary silicon carbide
metal insulator semiconductor field effect transistor (MIS-
FET) device that includes an AIN protection layer between an
insulator layer and a SiC Epi/SiC substrate. The device can
include a base structure including a SiC substrate configured
between a drain contact (e.g., drain electrode) and an SiC
epitaxial layer-N. A region of the SiC epitaxial layer-N can be
configured to provide a contact surface at the top of the base
structure that interfaces with the exemplary AIN protection
layer. The insulator layer is configured above the protection
layer, e.g., forming a nondisturbed interface with the SiC
epitaxial layer-N via the lattice-matched protection material
AIN. The SiC MISFET device can include a gate contact
configured above the insulator layer. The SiC MISFET device
can include an n+ layer formed on a p-type well region
formed on the SiC epitaxial layer-N. The SiC MISFET device
can include source contacts that interface with the n+ layer of
the SiC MISFET device.

While this patent document contains many specifics, these
should not be construed as limitations on the scope of any
invention or of what may be claimed, but rather as descrip-
tions of features that may be specific to particular embodi-
ments of particular inventions. Certain features that are
described in this patent document in the context of separate
embodiments can also be implemented in combination in a
single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any
suitable subcombination. Moreover, although features may
bedescribed above as acting in certain combinations and even
initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

Similarly, while operations are depicted in the drawings in
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations
be performed, to achieve desirable results. Moreover, the
separation of various system components in the embodiments
described in this patent document should not be understood as
requiring such separation in all embodiments.

Only a few implementations and examples are described
and other implementations, enhancements and variations can
be made based on what is described and illustrated in this
patent document.

What is claimed is:

1. A silicon carbide (SiC) device, comprising:

a SiC substrate;

a thin layer of a protection material formed over the SiC
substrate, wherein the protection material has a lattice
constant that substantially matches a lattice constant of
SiC and the thin layer has a thickness of less than a
critical layer thickness for the protection material over
SiC to form a uniform interface between the protection
material and SiC;

a layer of an insulator material over the thin layer of the
protection material; and
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one or more transistor structures over the insulator mate-
rial, wherein the SiC device further comprises:
a metal insulator semiconductor field effect transistor
(MISFET) device formed over the SiC substrate,
wherein the MISFET includes
a first electrical contact formed on a first surface of the
SiC substrate as one terminal of the MISFET device;
a SiC epitaxial layer formed on a second surface of the
SiC substrate opposing the first surface so that the thin
layer of the protection material is formed over the SiC
epitaxial layer;
a gate contact formed over the layer of the insulator
material as a second terminal of the MISFET device;
a doped region formed in the SiC epitaxial layer offset
from and near aregion in the SiC epitaxial layer under
the gate contact; and
a second electrical contact formed over the doped region
as a third terminal of the MISFET device.
2. The device as in claim 1, wherein the protection material
includes AIN, the AIN including a lattice constant that differs
from a lattice constant of SiC by 1%.
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3. The device as in claim 2, wherein the AIN layer has a
thickness less than 4.6 nm and greater than 0.5 nm.

4. The device as in claim 3, wherein the AIN layer has a
thickness less than 2 nm.

5. The device as in claim 3, wherein the AIN layer has a
thickness less than 1 nm.

6. The device as in claim 1, wherein the insulator material
includes silicon oxide.

7. The device as in claim 1, wherein the first electrical
contact is a contact for a drain of the MISFET device and the
second electrical contact is a contact for a source of the
MISFET device.

8. The device as in claim 1, wherein the insulator material
includes Si02, A1203, TiO2, Ta205, HfO2, Zr02, Y203,
La203, Pr203, SiON, or AION.

9. The device as in claim 1, wherein the SiC epitaxial layer
includes a region configured to provide a contact surface
interfacing with the thin layer.
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